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1
PROCESS CONDITION MEASURING DEVICE
(PCMD) AND METHOD FOR MEASURING
PROCESS CONDITIONS IN A WORKPIECE
PROCESSING TOOL CONFIGURED TO
PROCESS PRODUCTION WORKPIECES

FIELD OF THE INVENTION

Embodiments of the present invention are related to a pro-
cess condition measuring device (PCMD) for measuring pro-
cess conditions in a workpiece processing tool configured to
process production workpieces.

BACKGROUND OF THE INVENTION

During semiconductor fabrication (i.e., the process of cre-
ating integrated circuits on a silicon wafer for use in elec-
tronic devices), or more generally workpiece processing
(e.g., flat panel display processing, lithography mask process-
ing, etc.) a given substrate (e.g., silicon) may be exposedto a
multitude of different sub-processes before the final product
is completed. By way of example, and not by way of limita-
tion, in the context of semiconductor fabrication, these sub-
processes may include deposition, removal, patterning, and
modification of electrical properties.

Deposition involves any process that grows, coats, or oth-
erwise transfers a material onto the substrate. Several tech-
nologies exist for deposition depending on the nature of depo-
sition desired. These technologies include physical vapor
deposition (PVD), chemical vapor deposition (CVD), elec-
trochemical deposition (ECD), molecular beam epitaxy
(MBE), and atomic layer deposition (ALD). Removal
involves any process that removes material from the wafer.
Again, several technologies exist for removal depending on
the type of removal desired (e.g., bulk, selective, etc.). These
technologies include wet etching, dry etching, chemical-me-
chanical planarization (CMP) and plasma ashing. Finally,
several different techniques exist for patterning (i.e., modify-
ing the existing shape of deposited material) and modification
of electrical properties and thermal properties (e.g., doping,
annealing). Many of these sub-processes require the use of
certain workpiece processing tools to facilitate performance.

To ensure effective design, process optimization, and fault
detection of these workpiece processing tools, it is important
to track certain characteristics and processing conditions
associated with those tools. In particular, the heat flux devel-
oped through a substrate by a workpiece processing tool
during operation may provide crucial information that aids in
maintaining quality assurance and consistent controlled per-
formance of the workpiece processing tool and very sub-
process it is designed to serve. Moreover, measurement of
localized spatial differences in heat flux as a function of time
can provide means by which these workpiece processing
tools and processes may be characterized independent of
workpiece variability.

Currently, very few techniques exist for determining heat
flux through a substrate. Those techniques that do exist pos-
sess limitations that make them impractical for use in particu-
lar workpiece processing tools. One technique uses the ther-
mal decay rate of a temperature sensor to calculate heat flux.
This technique is described, e.g., in commonly-assigned U.S.
Pat. No. 6,907,364, which is incorporated herein by refer-
ences. To employ this technique, a thermal stimulant is ini-
tially applied to a temperature sensor located on a substrate.
The thermal stimulant is then turned off, and the temperature
decay of the temperature sensor is measured, ultimately
resulting in the determination of heat flux. This technique,
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however, is impractical for implementation with certain
workpiece processes (e.g., standard wafer production pro-
cesses). This is because continuous monitoring of the rate of
change of heat flux cannot be realized using this technique
and sporadic, transient monitoring may not supply the
intended benefit.

A second technique involves embedding commercially
available heat flux sensors in device substrates. However,
these sensors are typically available only in large sizes (cen-
timeters in length), and may not meet the dynamic range
required for certain applications. The introduction of addi-
tional structures to the surface of a substrate during process-
ing has the potential to cause severe disturbances in process
conditions in a workpiece processing tool. Additionally,
many of the materials used to construct these heat flux sensors
may be incompatible with particular processing tools or pro-
cesses. Thus, integrating these heat flux sensors into wafer
like substrates for determining process conditions in a work-
piece processing tool may be extremely challenging.

There is a need in the art for a technique capable of mea-
suring heat flux through one or more locations of a substrate
being processed by a workpiece processing tool configured to
process production workpieces. It is within this context that
embodiments of the present invention arise.

BRIEF DESCRIPTION OF THE DRAWINGS

Objects and advantages of embodiments of the invention
will become apparent upon reading the following detailed
description and upon reference to the accompanying draw-
ings in which:

FIG. 1A is a three-dimensional cross-section of a process-
ing condition measuring device (PCMD) according to an
embodiment of the present invention.

FIGS. 1B and 1C are top-views of a PCMD according to an
embodiment of the present invention

FIG.2A is a cross-sectional schematic diagram of a PCMD
according to an alternative embodiment of the present inven-
tion.

FIG. 2B is a cross-sectional schematic diagram of a PCMD
according to an alternative embodiment of the present inven-
tion

FIG.3A is a cross-sectional schematic diagram ofa PCMD
according to an alternative embodiment of the present inven-
tion

FIG. 3B is a cross-sectional schematic diagram of a PCMD
according to an alternative embodiment of the present inven-
tion

FIG. 4 is a top-view schematic diagram ofa PCMD accord-
ing to an embodiment of the present invention

FIG. 5 is a flow diagram illustrating a method for deter-
mining process conditions of a workpiece processing tool
according to an embodiment of the present invention.

FIG. 6 is a block diagram illustrating an apparatus for
determining process conditions of a workpiece processing
tool according to an embodiment of the present invention.

FIG. 7 illustrates an example of a non-transitory computer-
readable storage medium with instructions for determining
process conditions of a workpiece processing tool according
to an embodiment of the present invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS

As discussed above, there is a need in the art for a technique
capable of measuring heat flux in one or more locations of a
substrate being processed by a workpiece processing tool
configured to process production workpieces. FIGS. 1A-1C,
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2A-B, and 3A-3B are schematic diagrams illustrating process
condition measuring devices (PCMDs) capable of measuring
heat flux in accordance with preferred embodiments of the
present invention.

Each PCMD includes one or more heat flux sensors con-
figured to measure heat flux perpendicular to the PCMD at
different locations of the PCMD. As used herein, a heat flux
sensor refers to either a commercial heat flux sensor or a pair
of'temperature sensors aligned in a relationship configured to
determine heat flux perpendicular to a PCMD by measuring a
temperature difference between the two temperature sensors.

FIGS. 1A, 1B and 1C are schematic diagrams illustrating a
PCMD capable of measuring heat flux in accordance with a
preferred embodiment of the present invention. FIG. 1A is a
three-dimensional cross-sectional view of such a PCMD 100.
The PCMD 100 illustrated has a single heat flux sensor 111,
however this device may be extended to include any number
of heat flux sensors 111. The heat flux sensor 111 comprises
a first temperature sensor 105 and a second temperature sen-
sor 105", A substrate component 101 with the first temperature
sensor 105 embedded within is sandwiched together with an
additional substrate component 103 having the correspond-
ing second temperature sensor 105' embedded within. Each
temperature sensor 105, 105' may be embedded into a small
cavity formed in a surface of its respective substrate compo-
nent 101, 103 and secured in place, e.g., using thermal epoxy
113. In the embodiment depicted in FIG. 1A, the temperature
sensors 105, 105" are sandwiched between the substrate com-
ponent and additional substrate component such that they are
protected from exposure to an environment within the work-
piece processing tool by the substrate component 101 and the
additional substrate component 103 during operation of the
workpiece processing tool. This construction allows the
PCMD 100 to measure process conditions in a processing
tool while presenting a surface to the tool that is substantially
the same as that of a standard workpiece processed by the
tool. The temperature sensors 105, 105' do not protrude above
the PCMD surface in such a construction.

The sensors 105, 105", substrate component 101, and addi-
tional substrate component 103 are positioned such that the
first temperature sensor 105 in the substrate component 101 is
aligned in tandem with a corresponding second temperature
sensor 105' in the additional substrate 103 forming a heat flux
sensor 111. As used herein, each pair of temperature sensors
105, 105' making up a heat flux sensor 111 is said to be
“aligned in tandem” or “tandem aligned” when the tempera-
ture sensors are in an overlapping configuration, e.g., as
shown in FIG. 1A. The centers of the two sensors may be in
direct alignment or slightly offset depending on the process
condition of the workpiece processing tool being determined.
Dimension selection for placement and alignment of tem-
perature sensors making up a heat flux sensor may be deter-
mined by calculation of thermal conduction (or thermal resis-
tance) of material that separates a temperature sensor pair in
light of an expected range of heat flux generated by the
processing tool. By way of example, tandem aligned sensors
may be located one on top of the other in a sandwich configu-
ration such that centerlines of the individual sensors 105, 105"
are normal to the surface of the substrate components 101,
103, e.g., as depicted in FI1G. 1. Other orientations are implied
as applications may emerge.

As illustrated, a single temperature sensor 105 in the sub-
strate component 101 is paired with a single temperature
sensor 105' in the additional substrate component 103 to form
a single heat flux sensor 111 in the PCMD 100. However, it is
important to note that the PCMD 100 may contain any num-
ber of heat flux sensors 111, which can be arranged in any
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desired pattern. Each temperature sensor 105 located within
the PCMD 100 may be a resistance temperature detector
(RTD), thermistor, thermocouple, or other suitable type sen-
sor. By way of example, and not by way of limitation, each
temperature sensor 105, 105' in the PCMD 100 may be 1-2
mm across. By way of example and not by way of limitation,
the temperature sensors 105, 105' may be model LM20 sur-
face mount device (SMD) temperature sensors commercially
available from National Semiconductor of Santa Clara, Calif.

It is noted that it may be convenient and desirable to use
two identical temperatures sensors 105, 105' (e.g., same
model and manufacturer) in a heat flux sensor 111. However,
this is not strictly necessary and it is possible for embodi-
ments of the invention to use different models or even two
completely different types of temperature sensors in forming
aheat flux sensor 111 composed of tandem-aligned tempera-
ture sensors.

The substrate component 101 and additional substrate
component 103 may be separated by an optional thermally
resistive layer 107 that is sandwiched between them. The
thermally resistive layer 107 can be an oxide, polyimide,
silicone or some other dielectric material. There are a number
of' ways to form the thermally resistive layer 107. By way of
example, and not by way of limitation, oxide may be
implanted into a substrate component. Alternatively, oxide
may be grown or deposited as by CVD (chemical vapor
deposition) or PECVD (plasma enhanced chemical vapor
deposition) on the surface of a substrate component. In addi-
tion, a polymer layer may be laminated between two substrate
components.

Each substrate component 101, 103 of the PCMD 100 can
be made of silicon, or any other material (e.g., sapphire,
quartz, glass, silicon carbide, etc.) that is compatible with the
processing conditions in the processing environment in
which the PCMD 100 is intended to operate. The substrate
components 101, 103 may also be made of a material that is
substantially the same as a workpiece that is conventionally
processed by the workpiece processing tool. “Substantially
the same” means that the one material is chemically similar if
not physically identical to another material. For example,
materials can be substantially the same if both are made of
single crystal silicon, but with different crystalline orienta-
tions. Alternatively, materials may be substantially the same
if one is made of single crystal silicon and the other polycrys-
talline silicon. The term “substantially the same” also encom-
passes slight variations in the chemical composition of the
two materials, e.g., due to different but otherwise acceptable
levels of impurities.

Additionally, each substrate component 101, 103 may have
a planar top surface that has substantially the same profile as
a production workpiece that is processed by the workpiece
processing tool—while one or other surface may have formed
topography which resembles topography characteristics of a
production workpiece. The PCMD 100 may also have sub-
stantially similar dimensions to a production workpiece that
is processed by the workpiece processing tool to facilitate
determination of workpiece process conditions. “Substan-
tially similar” encompasses a PCMD wherein the top surface
area and bottom surface area take on the exact dimensions of
the production workpiece being processed by the workpiece
processing tool, while the thickness of the PCMD is allowed
to deviate substantially from the thickness of the production
workpiece being processed by the workpiece processing tool.
Design consideration may be given, however, to other char-
acteristics of the workpiece handling mechanism ofthe work-
piece processing tool, such as total allowable mass of the
PCMD.



US 9,134,186 B2

5

The PCMD 100 can provide a durable and non-contami-
nating surface presented to the workpiece processing tool.
For example, if the workpiece processing tool is a process
chamber configured to perform plasma processing (e.g., pat-
tern-transfer or bulk etching or deposition) on silicon wafers,
the PCMD 100 may be made of silicon so that the plasma
“sees” a silicon surface. In other implementations, if it is
desired to present a dielectric surface to the workpiece pro-
cessing tool, a workpiece processing tool-compatible poly-
mer coating, such as photoresist can cover the surface of the
PCMD 100. Many workpiece processing tools are designed
to process substrates that are covered with photoresist—for
example plasma etch workpiece processing tools utilized in a
pattern transfer mode. Consequently, the presence of photo-
resist on the surface of the PCMD 100 would not be expected
to pose additional contamination hazards beyond those
already taken into account in the design of the workpiece
processing tool. Contamination of a workpiece processing
tool resulting from exposure of the surface of the PCMD 100
during operation may be rectified and abated by whatever
conventional process is used following normal treatment of
production workpieces in the workpiece processing tool. By
way of example, and not by way of limitation, after using the
PCMD 100 to diagnose a plasma in a chamber used to etch a
silicon substrate covered with a patterned photoresist, the
chamber may be cleaned by a conventional process normally
used to clean and re-condition such a chamber after such
plasma etching. It is important to note that other dielectric
materials may also be applied to the native silicon surface in
addition to photoresist—some of which have already been
implemented in embodiments of PCMDs of a related, but
substantially independent nature.

The PCMD 100, as constructed in FIG. 1A is configured to
facilitate determination of a heat flux at each location where
there exists a heat flux sensor 111. Heat flux at each heat flux
sensor location 111 may be calculated by measuring a tem-
perature difference across a piece of material with known
thermal resistance. For a given heat flux sensor 111 in the
PCMD 100, a temperature is measured at the temperature
sensor 105 in the substrate component 103 and an additional
temperature is measured at the corresponding temperature
sensor 105' in the additional substrate component 103. The
difference between these two temperature measurements is
then compared against the known and characterized thermal
resistance that sits between the two temperature sensors 105,
105' to determine heat flux perpendicular to the PCMD 100 at
the location of the heat flux sensor 111. A key parameter in
determining the sensitivity of the PCMD is the thermal resis-
tance between the two substrate components 101, 103 in the
area surrounding the sensors 105. The PCMD 100 in this
embodiment uses the dimensions and composition of the
thermally resistive layer 107 to control the thermal resistance
between the two substrate components 101, 103. Thus, the
composition and thickness of the thermally resistive layer 107
can be adjusted to provide the required sensitivity and
dynamic range for the heat flux measurement. By way of
example, and not by way of limitation, the thermally resistive
layer 107 may have a thickness between 5 pm and 1 mm.

Once heat flux has been determined by the PCMD, addi-
tional workpiece processing tool parameters may be charac-
terized using the determined heat flux as a proxy. By way of
example, and not by way of limitation, in a plasma etch
chamber the energy and/or flux profile of energetic particles
(e.g., ions, electrons, neutral atoms, or neutral molecules)
bombarding the PCMD may be indirectly determined by
calculating heat flux if particle energy and/or flux are believed
to be substantially responsible as a source of heat flux in the
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plasma etch process. The varying of other “independent” etch
tool parameters—such as pressure, flow, as well as physical
and magnetic confinement parameters—can be easily shown
to affect ion energy and ion flux distributions, profiles and
time dependencies. In addition, rates of energetic reaction
(e.g., recombination of electrons and ions) taking place at a
surface of the PCMD may be indirectly determined from heat
flux if such chemical reaction is believed to be substantially
responsible as a source of heat flux in the plasmas process.
Furthermore, a sink of deposited energy across the PCMD
due to electrostatic clamping and active cooling may be deter-
mined indirectly from heat flux if such clamping or active
cooling is believed to be substantially responsible as source of
heat flux. Measurement of temperature differences and cal-
culation ot heat flux—as described here—can serve to param-
eterize these effects as well.

By way of example, and not by way of limitation, infor-
mation captured by each temperature sensor 105, 105" within
the PCMD 100 may be transmitted to an out-of-device pro-
cessor for additional processing by way of a flex cable 109.
Alternatively, the PCMD 100 may include a centralized pro-
cessing unit (not shown in FIG. 1A) that is coupled to each of
the sensors or sensor pairs shown. The centralized processing
unit can provide a centralized component for transmitting and
storing data from the sensors 105, 105' out of device to a
remote receiver. The centralized processing unit can also
provide a centralized component for receiving data from an
external transmitter and relaying such data to one or more
selected individual sensors 105, 105'. The centralized pro-
cessing unit may include a wireless or wired transceiver unit
that converts the data into signals that can be transmitted
wirelessly, e.g., by electromagnetic induction or radiation.
Alternatively, the electronics may transmit the signals over a
medium, such as a flex cable or fiber optic link.

FIGS. 1B and 1C are top-view schematic diagrams of two
alternative embodiments of the PCMD 100 described above
with respect to FIG. 1A. In FIG. 1B, the heat flux sensors 111
are arranged around the outer edge of the substrate compo-
nents. In FIG. 1C, the heat flux sensors 111 are arranged
around the center of the substrate components. It is important
to note that while the illustration depicts the heat flux sensors
being located on the surface of the additional substrate com-
ponent, in reality each temperature sensor associated with a
heat flux sensor is embedded within its respective substrate
component. Additionally, the substrate component lies
directly beneath the additional substrate component 103, with
the temperature sensors embedded within the additional sub-
strate being aligned in tandem with the corresponding tem-
perature sensors located within the substrate component, the
two substrate components being bonded by a thermally resis-
tive layer.

By modifying the location of heat flux sensors in the
PCMD, the PCMD can be configured to measure heat flux
perpendicular to the PCMD at different locations. Spatial
variation of heat flux as a function of time, as determined by
the PCMD, helps characterize and define certain parameters
associated with the workpiece processing tool. By way of
example, and not by way of limitation, spatial variation of
heat flux in a plasma etch chamber may be used as a proxy for
determining an ion energy distribution of ions striking the
PCMD or an ion flux profile to the PCMD during operation of
the workpiece processing tool. This is because the spatial
variation of heat flux perpendicular to the PCMD is caused by
energy source differences or energy sink differences. Thus,
by capturing these differences with the PCMD (by capturing
spatial variation of heat flux on the PCMD), we can determine
ion energy and ion flux characteristics.
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FIG. 2A is a cross-sectional schematic diagram illustrating
a process condition measuring device (PCMD) capable of
measuring heat flux in accordance with an alternative
embodiment of the present invention. The PCMD 200 in this
embodiment requires only a single substrate component 201.
The PCMD 200 may have one or more heat flux sensors 204
embedded in the substrate component 201. For purposes of
example, only a single heat flux sensor 204 is illustrated in the
PCMD 200 in FIG. 2A. Each heat flux sensor 204 includes a
first temperature sensor 203 embedded within a first ther-
mally resistive cavity 208 in close proximity to a second
temperature sensor 205 embedded within a second thermally
resistive cavity 208'. The first thermally resistive cavity 208
and the second thermally resistive cavity 208' must have
different thermal resistance values. This may be accom-
plished by using different areas for the thermally resistive
cavities but the same thermally resistive material. Alterna-
tively, the thermal resistance values of the thermally resistive
cavities 208, 208' may also be different from each other if they
have the same area by different material compositions or
differing thermal resistivities. Of course, the thermal resis-
tance may also be altered by using different materials and
different sizes for the thermally resistive cavities 208, 208'.

The two temperature sensors 203, 205 are oriented in a
parallel aligned relationship configured to determine a heat
flux perpendicular to the substrate through measurement of a
temperature difference between the two temperature sensors.
The distance between the two temperature sensors depends
on the characteristic variation length of the heat flux in a
workpiece processing tool during operation. The two tem-
perature sensors 203, 205 must be close enough together such
that the imposed heat flux perpendicular to the PCMD does
not vary between the locations of the two temperature sen-
sors. A difference in measured temperature between the two
temperature sensors during operation of the workpiece pro-
cessing tool may then be determined. The difference may be
attributed to the different thermal resistance values of the two
thermally resistive cavities. This difference in measured tem-
perature is then used to determine a heat flux value perpen-
dicular to the PCMD, which may then be further used as a
proxy for characterizing other parameters of the workpiece
processing tool, as discussed above.

The substrate component 201 may also additionally be
covered by an optional substrate component 215, which may
sit directly above the substrate component 201. Alternatively,
an optional thermal epoxy layer 207 may sit between the
substrate component 201 and the optional substrate compo-
nent 215. The purpose of the optional thermal epoxy layer 207
and the optional substrate component 215 is to shield the heat
flux sensor 204 and its associated supporting electronics from
exposure to an environment within the workpiece processing
tool during operation.

The configuration of the PCMD in FIG. 2A may be modi-
fied, such that the heat flux sensor may be shielded from
exposure to an environment within the workpiece processing
tool during operation without the addition of an optional
substrate component or optional thermal epoxy layer. FIG.
2B illustrates such a PCMD 200'. As illustrated the top sur-
face and sidewalls of the heat flux sensor 204 are shielded
from exposure to an environment within the workpiece pro-
cessing tool during operation by the substrate component
201. The bottom surface of the heat flux sensor will presum-
ably sitonaplatform (e.g., wafer chuck) within the workpiece
processing tool that will shield it from exposure to an envi-
ronment of the workpiece processing tool during operation.

As mentioned above, the substrate component 201 of the
PCMD 200, 200' can be made of'silicon, or any other material
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(e.g., sapphire, quartz, glass, silicon carbide, etc.) that is
compatible with the processing conditions in the processing
environment in which the PCMD 200, 200' is intended to
operate. Additionally, the substrate component 201 may have
aplanar top surface that has substantially the same profile and
topographical features as a production workpiece that is pro-
cessed by the workpiece processing tool. Also, the PCMD
200, 200" may have substantially similar dimensions to that of
a production workpiece that is processed by the workpiece
processing tool. Likewise, if it is desired to present a dielec-
tric surface to the workpiece processing tool, a workpiece
processing tool-compatible polymer coating, such as photo-
resist, polyimide, or an inorganic dielectric coating such as,
but not limited to Y203 can cover the surface of the PCMD
200.

By way of example, and not by way of limitation, infor-
mation captured by each temperature sensor within the
PCMD 200, 200" may be transmitted to an out-of-device
processor 210 for additional processing by way of a flex cable
209.

It is important to note that the PCMD depicted in FIG. 2A
and FIG. 2B may modify the quantity and arrangement of
heat flux sensors to measure heat flux perpendicular to the
PCMD at different locations. Spatial variation of heat flux as
a function of time, as determined by the PCMD, helps char-
acterize and define certain parameters associated with the
workpiece processing tool, as discussed above.

FIG. 3A is a cross-sectional schematic diagram illustrating
a process condition measuring device (PCMD) capable of
measuring heat flux in accordance with yet another embodi-
ment of the present invention. The PCMD 300 in this embodi-
ment also requires only a single substrate component 301.
The PCMD 300 may have one or more heat flux sensors 304
embedded in the substrate component 301. For purposes of
example, only a single heat flux sensor 304 is illustrated in the
PCMD 300 in FIG. 3A. Each heat flux sensor 304 includes a
first temperature sensor 303 as well as a second temperature
sensor 305 embedded within a single thermally resistive cav-
ity 308, the two temperature sensors 303, 305 being aligned in
tandem. The thermal resistance of the thermally resistive
cavity 308 may be modified by altering the dimensions or
composition of the thermally resistive cavity 308.

The two temperature sensors 303, 305 are aligned in tan-
dem. Dimension selection for placement and alignment of
temperature sensors making up a heat flux sensor is deter-
mined by calculation of thermal conduction (or thermal resis-
tance) of material that separates a temperature sensor pair in
light of an expected range of heat flux generated by the
processing tool. Moreover, the thermally resistive cavity 308
may be designed to have overall thermal transfer character-
istics (thermal conductivity and heat capacity) quite different
from the overall thermal transfer characteristics of the sur-
rounding substrate component 301.

Heat flux at each heat flux sensor location 304 may be
calculated by measuring a temperature difference over a piece
of material with known thermal resistance. For a given heat
flux sensor 304 in the PCMD 300, a temperature is measured
at the first temperature sensor 303 and an additional tempera-
ture is measured at the corresponding second temperature
sensor 305. The difference between these two temperature
measurements is then compared against the known thermal
resistance that sits between the two temperature sensors 303,
305 to determine heat flux perpendicular to the PCMD 300 at
the location of the heat flux sensor 304. A key parameter in
determining the sensitivity of the PCMD 300 is the thermal
resistance in the area surrounding the sensors 303, 305.
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The substrate component 301 may also additionally be
covered by an optional substrate component 315, which may
sit directly above the substrate component 301. Alternatively,
an optional thermal epoxy layer 307 may sit between the
substrate component 301 and the optional substrate compo-
nent 315. The purpose of the optional thermal epoxy layer 307
and the optional substrate component 315 is to shield the heat
flux sensor 304 from exposure to an environment within the
workpiece processing tool during operation.

The configuration of the PCMD in FIG. 3A may be modi-
fied, such that the heat flux sensor may be shielded from
exposure to an environment within the workpiece processing
tool during operation without the addition of a optional sub-
strate component or optional thermal epoxy layer. FIG. 3B
illustrates such a PCMD 300'. As illustrated the top surface
and sidewalls of the heat flux sensor 304 are shielded from
exposure to an environment within the workpiece processing
tool during operation by the substrate component 301. The
bottom surface of the heat flux sensor will presumably sit on
a platform (e.g., wafer electrostatic chuck with active helium
cooling) within the workpiece processing tool that will shield
it from exposure to an environment of the workpiece process-
ing tool during operation.

As mentioned above, the substrate component 301 of the
PCMD 300, 300' can be made of'silicon, or any other material
(e.g., sapphire, quartz, glass, silicon carbide, etc.) that is
compatible with the processing conditions in the processing
environment in which the PCMD 300, 300' is intended to
operate. Additionally, the substrate component 301 may have
a planar top surface that has substantially the same profile as
a production workpiece that is processed by the workpiece
processing tool. Also, the PCMD 300, 300" may have sub-
stantially similar dimensions to that of a production work-
piece that is processed by the workpiece processing tool.
Likewise, if it is desired to present a dielectric surface to the
workpiece processing tool, a workpiece processing tool-com-
patible polymer coating, such as photoresist, polyimide, or an
inorganic dielectric coating such as, but not limited to Y203
can cover the surface of the PCMD 300.

By way of example, and not by way of limitation, infor-
mation captured by each temperature sensor within the
PCMD 300, 300" may be transmitted to an out-of-device
processor 310 for additional processing by way of a flex cable
309.

It is important to note that in the PCMD depicted in FIG.
3A and FIG. 3B the quantity and arrangement of heat flux
sensors may be modified to measure heat flux perpendicular
to the PCMD at different locations. Spatial variation of heat
flux as a function of time, as determined by the PCMD, helps
characterize and define certain parameters associated with the
workpiece processing tool, as discussed above.

It is noted that features of the PCMD depicted in FIG. 1
may be combined with features depicted in FIG. 2 or FIG. 3
and vice versa. In particular, embodiments of the present
invention encompass a PCMD having one or more heat flux
sensors comprising temperature sensors arranged in tandem
alignment in different substrates sandwiched together, e.g., as
shown in FIG. 1, one or more additional pairs of temperatures
sensors in parallel alignment in the same substrate, e.g., as
shown in FIG. 2, and one or more additional pairs of tempera-
ture sensors arranged in tandem alignment in the same sub-
strate, e.g., as shown in FIG. 3. The tandem aligned pairs and
parallel aligned pairs can both be used to determine heat flux
perpendicular to the substrate.

Each PCMD described above with respect to FIGS. 1, 2,
and 3 may optionally include electronic components config-
ured to transmit/receive data associated with each heat flux
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sensor embedded therein. FIG. 4 illustrates an example of a
general PCMD 400 (either the embodiment described in FIG.
1, 2, or 3) with such electronic components. In some embodi-
ments, the PCMD 400 may include an on-board processor
410, power source 411 (e.g., a battery), memory 412 for
storing data, and transceiver 413 for transmitting and receiv-
ing data and/or instructions. The transceiver 413 may com-
municate with a remote data processing system, e.g., by wire-
less or wired connection. The on-board processor 410 may be
configured to communicate with the one or more heat flux
sensors 404. Alternatively, the PCMD 400 may include a
centralized processing unit (not shown in FIG. 4) that is
coupled to each of the sensors shown as discussed above and
configured transmit and receive data and/or instructions.

FIG. 5 is a flow diagram illustrating a general method for
determining process conditions in a workpiece processing
tool configured to process production workpieces in accor-
dance with an embodiment of the present invention. This
method 500 for determining workpiece processing tool con-
ditions is applicable to workpiece processing tools configured
to perform any of the semiconductor fabrication processes or
general workpiece processes mentioned above.

Initially a process condition measuring device (PCMD) is
placed ina workpiece processing tool as described at 501. The
PCMD may include a substrate component and one or more
heat flux sensors embedded within the substrate. According to
the embodiment described in FIG. 1, the PCMD may further
comprise an additional substrate component sandwiched
together with the substrate component, wherein the one or
more heat flux sensors are embedded between the substrate
component and the additional substrate component. Here,
each heat flux sensor includes two temperature sensors, a first
temperature sensor being embedded within the substrate
component and a second temperature sensor being embedded
within the additional substrate component, the first and sec-
ond temperature sensors being aligned in tandem.

Alternatively, the PCMD may be configured according to
the embodiment described in FIG. 2. Here, each heat flux
sensor embedded within the substrate component includes
two temperature sensors in close proximity, a first tempera-
ture sensor being embedded within a first thermally resistive
cavity of the substrate component and a second temperature
sensor being embedded within a second thermally resistive
cavity of the substrate component, the first thermally resistive
cavity being a different size or different composition than the
second thermally resistive cavity, and the first temperature
sensor and second temperature sensor being aligned in a
parallel relationship configured to facilitate determination of
heat flux perpendicular to the substrate through measurement
of a temperature difference between the two temperature
sensors.

The PCMD may also be configured according to the
embodiment described in FIG. 3. Here, each heat flux sensor
embedded within the substrate component includes two tem-
perature sensors embedded within a thermally resistive cavity
of the substrate component, the two temperature sensors
being aligned in tandem.

Once the PCMD has been placed in the workpiece process-
ing tool, the tool may initiate operation as described at 503.
Operation may take on several different forms depending on
the type of workpiece processing tool involved. In the context
of' semiconductor fabrication, operation may involve deposi-
tion (e.g., PVD, CVD, ECD, MBE, ALD), removal (e.g., wet
etching, dry etching—pattern-transfer or bulk removal mode,
plasma ashing), patterning, or modification of electrical prop-
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erties. More generally, operation may involve processing of
flat panel displays, lithography masks, or other electronic
devices.

As the workpiece processing tool operates, the PCMD
calculates one or more heat flux values perpendicular to the
PCMD using the heat flux sensors embedded in the PCMD.
These heat flux values may be taken at different locations on
the PCMD depending on the arrangement of heat flux sensors
within the device. Also, these heat flux values may be taken
continuously over time, in order to observe heat flux variation
as a function of time. Depending on which embodiment of the
PCMD is used to determine a process condition for the work-
piece processing tool, the method by which heat flux is mea-
sured may vary.

For a given heat flux sensor in the PCMD described in FIG.
1, a temperature is measured at the temperature sensor in the
substrate component and an additional temperature is mea-
sured at the corresponding temperature sensor in the addi-
tional substrate component. The difference between these
two temperature measurements is then compared against the
known thermal resistance that sits between the two tempera-
ture sensors to determine heat flux perpendicular to the
PCMD at the location of the heat flux sensor.

For a given heat flux sensor in the PCMD described in FIG.
2, the two temperature sensors must be close enough together
such that the heat flux perpendicular to the PCMD does not
vary between the locations of the two temperature sensors. A
difference in measured temperature between the two tem-
perature sensors during operation of the workpiece process-
ing tool may then be determined. The difference may be
attributed to the different thermal resistance values of the two
thermally resistive cavities. This difference in measured tem-
perature is then used to determine a heat flux value perpen-
dicular to the PCMD.

For a given heat flux sensor in the PCMD described in FIG.
3, a temperature is measured at the first temperature sensor
and an additional temperature is measured at the correspond-
ing second temperature sensor. The difference between these
two temperature measurements is then compared against the
known thermal resistance that sits between the two tempera-
ture sensors to determine heat flux perpendicular to the
PCMD at the location of the heat flux sensor. Here, a key
parameter in determining the sensitivity of the PCMD is the
thermal resistance in the area surrounding the sensors.

The heat flux values taken at different heat flux sensor
locations within the PCMD may then be used as a proxy for
determining a process condition of the workpiece processing
tool as described at 507. By way of example, and not by way
of limitation, in a plasma etch chamber ion energy and ion
flux may be indirectly determined by calculating heat flux
because ion energy and ion flux are believed to be substan-
tially responsible as the source of heat flux in the plasma etch
process. The varying of other “independent” etch tool param-
eters—such as pressure, flow, as well as physical and mag-
netic confinement parameters—are easily shown to affect ion
energy and ion flux distributions, profiles and time dependen-
cies. Measurement of temperature differences and calcula-
tion of heat flux—as described here—can serve to parameter-
ize these effects as well.

FIG. 6 illustrates a block diagram of an apparatus that may
be used to implement a method for determining process con-
ditions in a workpiece processing tool configured to process
production workpieces. The apparatus 600 generally may
include a processor module 601 and a memory 605. The
processor module 601 may include one or more processor
cores.
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The memory 605 may be in the form of an integrated
circuit, e.g., RAM, DRAM, ROM, Flash, and the like. The
memory 605 may also be a main memory that is accessible by
all of the processor modules. In some embodiments, the pro-
cessor module 601 may have local memories associated with
each core. A program 603 may be stored in the main memory
605 in the form of processor readable instructions that can be
executed on the processor modules. The program 603 may be
configured to perform determination of process conditions in
aworkpiece processing tool configured to process production
workpieces. The program 603 may be written in any suitable
processor readable language, e.g., C, C++, JAVA, Assembly,
MATLAB, FORTRAN, and a number of other languages.
Input data 607 may also be stored in the memory. Such input
data 607 may include measured temperatures of tandem
aligned temperature sensors 635, 635' or parallel aligned
temperature sensors 633, 633' located within a process con-
dition measuring device (PCMD) 631. These measured tem-
peratures will facilitate calculation of workpiece processing
tool conditions as discussed above.

The apparatus 600 may also include well-known support
functions 609, such as input/output (1/0) elements 611, power
supplies (P/S) 613, a clock (CLK) 615, and a cache 617. The
apparatus 600 may optionally include a mass storage device
619 such as a disk drive, CD-ROM drive, tape drive, or the
like to store programs and/or data. The device 600 may
optionally include a display unit 621 and user interface unit
625 to facilitation interaction between the apparatus and a
user. The display unit 621 may be in the form of a cathode ray
tube (CRT) or flat panel screen that displays text, numerals,
graphical symbols or images. The user interface 625 may
include akeyboard, mouse, joystick, light pen, or other device
that may be used in conjunction with a graphical user inter-
face (GUI). The apparatus 600 may also include a network
interface 623 to enable the device to communicate with other
devices over a network such as the internet.

The sensors 633, 633' 635, 635' on the PCMD 631 may be
connected to the processor module 601 via the /O elements
611. Such connections may be implemented by a transceiver
(not shown) on the PCMD 631, e.g., as shown and described
above with respect to FIG. 4, either wirelessly or through
appropriate signal cables.

The components of the apparatus 600, including the pro-
cessor 601, memory 605, support functions 609, I/O elements
611 mass storage device 619, user interface 625, network
interface 623, and display unit 621 may be operably con-
nected to each other via one or more data buses 627. These
components may be implemented in hardware, software,
firmware, or some combination of two or more of these.

According to another embodiment, instructions for deter-
mining process conditions in a workpiece processing tool
configured to process production workpieces may be stored
in a computer readable storage medium. By way of example,
and not by way of limitation, FIG. 7 illustrates an example of
a non-transitory computer readable storage medium 700 in
accordance with an embodiment ofthe present invention. The
storage medium 700 contains computer-readable instructions
stored in a format that can be retrieved, interpreted, and
executed by a computer processing device. By way of
example, and not by way of limitation, the computer-readable
storage medium may be a computer-readable memory, such
as random access memory (RAM) or read-only memory
(ROM), a computer-readable storage disk for a fixed disk
drive (e.g., a hard disk drive), or a removable disk drive. In
addition, the computer-readable storage medium 700 may be
a flash memory device, a computer-readable tape or disk, a
CD-ROM,, a DVD-ROM, or other optical storage medium.
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The storage medium 700 contains instructions for deter-
mining processing conditions of a workpiece processing tool
701. The instructions for determining process conditions of a
workpiece processing tool 701 may be configured to imple-
ment determination of process conditions in a workpiece
processing tool configured to process production workpieces
in accordance with the methods described above. In particu-
lar, the instructions for determining process conditions of a
workpiece processing tool 701 may include calculating heat
flux value instructions 703 that are used to calculate heat flux
values perpendicular to a PCMD at each heat flux sensor
location. Depending on the particular embodiment of the
PCMD, different methods may be used to facilitate calcula-
tion of heat flux perpendicular to the PCMD. These methods
were described above with respect to FIGS. 1A-1C, 2A-2B,
and 3A-3B.

The instructions for determining process conditions of a
workpiece processing tool 701 may also include determining
process condition instructions 705 that are used to determine
a desired process condition of a workpiece processing tool
using the calculated heat flux values. As discussed above,
depending on the particular workpiece tool and process in
operation, different process parameters may be determined
using heat flux as a proxy. The spatial variation and time
variation of heat flux for a given PCMD will provide critical
information for determining other process parameters of the
workpiece processing tool during operation.

Accumulation of such data supplied by the PCMD heat
flux sensors in their various embodiments will gradually sup-
ply sufficient information by which a “library” may be con-
structed and attendant correlations to other measured work-
piece processing tool characteristics may be documented and
exploited to evolve the effectiveness and utility of heat flux
measurement as a proxy.

Embodiments of the present invention provide a tool for
determining process conditions of workpiece processing
tools. The ability to measure these quantities in a workpiece
processing tool can provide additional insight into workpiece
processing tool parameters. Embodiments of the present
invention can help more easily identify key elements that
affect workpiece processing tool performance and subse-
quently adjust the relevant parameter to optimize perfor-
mance and controllability. Associated evolving development
of the above-mentioned “library” will facilitate this accom-
plishment.

While the above is a complete description of the preferred
embodiment of the present invention, it is possible to use
various alternatives, modifications, and equivalents. There-
fore, the scope of the present invention should be determined
not with reference to the above description, but should,
instead, be determined with reference to the appended claims
along with their full scope of equivalents. Any feature
described herein, whether preferred or not, may be combined
with any other feature described herein, whether preferred or
not. In the claims that follow, the indefinite article “A” or “An”
refers to a quantity of one or more of the item following the
article, except where expressly stated otherwise. Addition-
ally, the conjunction “or” refers to the non-exclusive defini-
tion of “or” unless expressly stated otherwise. The appended
claims are not to be interpreted as including means-plus-
function limitations, unless such a limitation is explicitly
received in a given claim using the phrase “means for”.

The reader’s attention is directed to all papers and docu-
ments which are filed concurrently with this specification and
which are open to public inspection with this specification,
and the contents of any papers and documents incorporated
herein by reference.
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What is claimed is:
1. A process condition measuring device (PCMD), com-
prising:
a) a substrate component, an additional substrate compo-
5 nent sandwiched together with the substrate component
b) one or more heat flux sensors embedded between the
substrate component and the additional substrate com-
ponent, wherein the one or more heat flux sensors are
configured to obtain heat flux values perpendicular to the
PCMD; and
¢) acomputer-readable media storing computer-executable
instruction configured to determine process conditions
in addition to a thermal condition in a workpiece pro-
cessing tool by using the heat flux values as a proxy.

2. The PCMD of claim 1, wherein the substrate component
or the additional substrate component is composed of the
same material as the production workpiece.

3. The PCMD of claim 1, wherein either the substrate
component or the additional substrate component is com-
posed of silicon.

4. The PCMD of claim 1, wherein either the substrate
component or the additional substrate component is com-
posed of sapphire.

5. The PCMD of claim 1, wherein either the substrate
component or the additional substrate component is com-
posed of quartz.

6. The PCMD of claim 1, wherein either the substrate
component or the additional substrate component is com-
posed of glass.

7. The PCMD of claim 1, wherein either the first substrate
component or the second substrate component is composed
of'silicon carbide.

8. The PCMD of claim 1, wherein each heat flux sensor
includes two temperature sensors, a first temperature sensor
being embedded within the substrate component and a second
temperature sensor being embedded within the additional
substrate component, the first and second temperature sen-
sors being aligned in tandem, the one or more heat flux
sensors being shielded from exposure to an environment
within the workpiece processing tool by the substrate com-
ponent or the additional substrate component during opera-
tion of the workpiece processing tool.

9. The PCMD of claim 1, further comprising a thermally
resistive layer sandwiched between the substrate component
and the additional substrate component.

10. The PCMD of claim 9, wherein the thermally resistive
layer is made of a material with a lower thermal conductivity
than both the first substrate component and the second sub-
strate component.

11. The PCMD of claim 9, wherein the thermally resistive
layer is composed of a dielectric material.

12. The PCMD of claim 9, wherein the thermally resistive
layer is composed of polyimide.

13. The PCMD of claim 9, wherein the thermally resistive
layer is composed of silicone.

14. The PCMD of claim 9, wherein the thermally resistive
layer has a thickness between 5 pum and 1 mm.

15. The PCMD of claim 1, wherein the heat flux sensors are
arranged in a configuration around the outer edge of the
substrate component.

16. The PCMD of claim 1, wherein the heat flux sensors are
arranged in a configuration around the center of the substrate
component.

17. The PCMD of claim 1, wherein the heat flux sensors are
embedded within the substrate component such that the heat
flux sensors are shielded from exposure to an environment
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within the workpiece processing tool by the substrate com-
ponent during operation of the workpiece processing tool.

18. The PCMD of claim 1, wherein each heat flux sensor
includes two temperature sensors embedded within a ther-
mally resistive cavity of the substrate component, the two
temperature sensors being aligned in tandem with each other.

19. The PCMD of claim 18 wherein the thermally resistive
cavity is characterized by a different thermal resistance than a
remainder of the substrate component.

20. The PCMD of claim 1, wherein the PCMD has sub-
stantially similar dimensions to a production workpiece that
is processed by the workpiece processing tool.

21. The PCMD of claim 1, wherein the substrate compo-
nent is coated with an additional material to ensure compat-
ibility with the workpiece processing tool.

22. The PCMD of claim 1, wherein the workpiece process-
ing tool is a plasma etch chamber.

23. The PCMD of claim 1, further comprising a processor
electronically coupled to the one or more heat flux sensors,
wherein the processor is configured to process data captured
by the one or more heat flux sensors.

24. The PCMD of claim 23, further comprising a memory
coupled to the processor, the memory being configured to
store data.

25. The PCMD of claim 23, further comprising a power
source coupled to the processor.

26. The PCMD of claim 23, further comprising a trans-
ceiver coupled to the processor, the transceiver being config-
ured to transmit or receive data to or from the processor.

27. A process condition measuring device (PCMD), com-
prising:

a) a substrate component;

b) one or more heat flux sensors embedded within the
substrate component, wherein the one or more heat flux
sensors are configured to obtain heat flux values perpen-
dicular to the PCMD; and

¢) a computer readable media storing computer executable
instruction configured to determine process conditions
in addition to a thermal condition in a workpiece pro-
cessing by using the heat flux values as a proxy, wherein
each heat flux sensor includes two temperature sensors
in close proximity, a first temperature sensor being
embedded within a first thermally resistive cavity of the
substrate component and a second temperature sensor
being embedded within a second thermally resistive cav-
ity of the substrate component, the first thermally resis-
tive cavity having a different thermal resistance value
than the second thermally resistive cavity, and the first
temperature sensor and second temperature sensor being
aligned in a parallel relationship configured to facilitate
determination of heat flux perpendicular to the substrate
through measurement of a temperature difference
between the two temperature sensors.

28. The PCMD of claim 27, wherein the first thermally
resistive cavity and the second thermally resistive cavity are
different sizes.

29. The PCMD of claim 27, wherein the first thermally
resistive cavity and the second thermally resistive cavity are
composed of different materials.

30. The PCMD of claim 27 wherein the first or second
thermally resistive cavity is characterized by a different ther-
mal resistance than a remainder of the substrate component.

31. The PCMD of claim 27, wherein the PCMD has sub-
stantially similar dimensions to a production workpiece that
is processed by the workpiece processing tool.
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32. The PCMD of claim 27, wherein the substrate compo-
nent is coated with an additional material to ensure compat-
ibility with the workpiece processing tool.

33. The PCMD of claim 27, wherein the workpiece pro-
cessing tool is a plasma etch chamber.

34. The PCMD of claim 27, further comprising a processor
electronically coupled to the one or more heat flux sensors,
wherein the processor is configured to process data captured
by the one or more heat flux sensors.

35. The PCMD of claim 34, further comprising a memory
coupled to the processor, the memory being configured to
store data.

36. The PCMD of claim 35, further comprising a power
source coupled to the processor.

37. The PCMD of claim 35 further comprising a trans-
ceiver coupled to the processor, the transceiver being config-
ured to transmit or receive data to or from the processor.

38. A method, comprising:

a) placing a processing condition measuring device
(PCMD) in a workpiece processing tool, wherein the
PCMD comprises a substrate component, an additional
substrate component sandwiched together with the sub-
strate component, and one or more heat flux sensors
embedded between the substrate component and the
additional substrate component;

b) initiating operation of the workpiece processing tool;

¢) calculating one or more heat flux values perpendicular to
the PCMD using the one or more heat flux sensors
embedded in the PCMS; and

d) determining a process condition of the workpiece pro-
cessing tool other than a thermal condition using the one
or more heat flux values determined in ¢) as a proxy for
the process condition.

39. The method of claim 38, wherein the PCMD further
comprises athermally resistive layer sandwiched between the
substrate component and the additional substrate component.

40. The method of claim 39, wherein each heat flux sensor
includes two temperature sensors, a first temperature sensor
being embedded within the substrate component and a second
temperature sensor being embedded within the additional
substrate component, the first and second temperature sen-
sors being aligned in tandem, the one or more heat flux
sensors being shielded from exposure to an environment
within the workpiece processing tool by the substrate com-
ponent or the additional substrate component during opera-
tion of the workpiece processing tool, the heat flux value for
each heat flux sensor being determined by measuring a tem-
perature difference between the first temperature sensor and
second temperature sensor.

41. The method of claim 38, wherein each heat flux sensor
includes two temperature sensors embedded within a ther-
mally resistive cavity of the substrate component, the two
temperature sensors being aligned in tandem with each other,
the heat flux value for each heat flux sensor being determined
by measuring a temperature difference between the first tem-
perature sensor and the second temperature sensor across the
thermally resistive cavity.

42. The method of claim 38, wherein the workpiece pro-
cessing tool is a plasma etch chamber.

43. The method of claim 42, further comprising storing
data supplied by the one or more heat flux sensors continu-
ously over time and analyzing the stored data to observe
attendant correlations to measured workpiece processing tool
characteristics.

44. A method, comprising

a) placing a processing condition measuring device
(PCMD) in a workpiece processing tool, wherein the
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PCMD comprises a substrate component and one or
more heat flux sensors embedded within the substrate
component;

b) initiating operation of the workpiece processing tool;

¢) calculating one or more heat flux values perpendicularto

the PCMD using the one or more heat flux sensors
embedded in the PCMD; and

d) determining a process condition of the workpiece pro-

cessing tool other than a thermal condition using the one
or more heat flux values determined in ¢) as a proxy for
the process condition, wherein each heat flux sensor
includes two temperature sensors in close proximity, a
first temperature sensor being embedded within a first
thermally resistive cavity of the substrate component
and a second temperature sensor being embedded within
a second thermally resistive cavity of the substrate com-
ponent, the first thermally resistive cavity having a dif-
ferent thermal resistance value than the second ther-
mally resistive cavity, and the first temperature sensor
and second temperature sensor being aligned in a paral-
lel relationship configured to facilitate determination of
heat flux perpendicular to the substrate through mea-
surement of a temperature difference between the two
temperature sensors.

45. The method of claim 44, wherein calculating the one or
more heat flux values includes comparing the difference
between the first and second temperature sensors against
known thermal resistance values of the first and second ther-
mally resistive cavities.

46. The method of claim 44, wherein the first thermally
resistive cavity and the second thermally resistive cavity are
different sizes.

47. The method of claim 44, wherein the first thermally
resistive cavity and the second thermally resistive cavity are
composed of different materials.

48. The method of claim 44, wherein the workpiece pro-
cessing tool is a plasma etch chamber.

49. The method of claim 48, further comprising storing
data supplied by the one or more heat flux sensors continu-
ously over time and analyzing the stored data to observe
attendant correlations to measured workpiece processing tool
characteristics.

50. A method, comprising

a) placing a processing condition measuring device

(PCMD) in a workpiece processing tool, wherein the
PCMD comprises a substrate component and one or
more heat flux sensors embedded within the substrate
component;

b) initiating operation of the workpiece processing tool;

¢) calculating one or more heat flux values perpendicularto

the PCMD using the one or more heat flux sensors
embedded in the PCMD; and

d) determining a process condition of the workpiece pro-

cessing tool other than a thermal condition using the one
or more heat flux values determined in ¢) as a proxy for
the process condition, wherein the process condition of
the workpiece processing tool determined in d) is an ion
flux to the PCMD, an ion energy of ions bombarding the
PCMD, a pressure within a chamber that houses the
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PCMD, or a gas flow across the PCMD during operation

of the workpiece processing tool, a source of energy at

the surface of the PCMD resulting from ion and electron

recombination or other energetic surface reaction, or a

sink of deposited energy across the PCMD due to elec-

trostatic clamping and active cooling.

51. An apparatus for determining process conditions in a

workpiece processing tool, comprising:

a processor;

a memory; and

computer-coded instructions embodied in the memory and
executable by the processor, wherein the computer
coded instructions are configured to implement a
method for determining process conditions in a work-
piece processing tool configured to process production
workpieces, the method comprising:

a) calculating one or more heat flux values perpendicular to
a PCMD using a PCMD that comprises a substrate com-
ponent and one or more heat flux sensors embedded
within the substrate component;

b) determining a process condition in addition to thermal
conditions of the workpiece processing tool using the
one or more heat flux values determined in a) as a proxy,
wherein the process condition of the workpiece process-
ing tool determined in b) is an ion flux to the PCMD, an
ion energy of ions bombarding the PCMD, a pressure
within a chamber that houses the PCMD, or a gas flow
across the PCMD during operation of the workpiece
processing tool, a source of energy at the surface of the
PCMD resulting from ion and electron recombination or
other energetic surface reaction, or a sink of deposited
energy across the PCMD due to electrostatic clamping
and active cooling.

52. A computer program product, comprising:

a non-transitory, computer-readable storage medium hav-
ing computer readable program code embodied in said
medium for determining process conditions in a work-
piece processing tool configured to process production
workpieces, said computer program product having:

a) computer readable program code means for calculat-
ing one or more heat flux values perpendicular to a
PCMD using a PCMD that comprises a substrate
component and one or more heat flux sensors embed-
ded within the substrate component;

b) computer readable program code means for determin-
ing a process condition in addition to thermal condi-
tions of the workpiece processing tool using the one or
more heat flux values determined in a) as a proxy,
wherein the process condition of the workpiece pro-
cessing tool determined in b) is an ion flux to the
PCMD, an ion energy of ions bombarding the PCMD,
apressure within a chamber that houses the PCMD, or
a gas flow across the PCMD during operation of the
workpiece processing tool, a source of energy at the
surface of the PCMD resulting from ion and electron
recombination or other energetic surface reaction, or a
sink of deposited energy across the PCMD due to
electrostatic clamping and active cooling.
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